White-nose syndrome (WNS) is a disease responsible for unprecedented mortality in hibernating bats. First observed in a New York cave in 2006, mortality associated with WNS rapidly appeared in hibernacula across the northeastern United States. We used yearly presence-absence data on WNS-related mortality among hibernating bat colonies in the Northeast to determine factors influencing its spread. We evaluated hazard models to test hypotheses about the association between the timing of mortality and colonylevel covariates, such as distance from the first WNS-affected site, colony size, species diversity, species composition and type of hibernaculum (cave or mine). Distance to origin and colony size had the greatest effects on WNS hazard over the range of observations; the type of hibernaculum and species composition had weaker effects. The distance effect showed a temporal decrease in magnitude, consistent with the pattern of an expanding epizootic. Large, cavedwelling bat colonies with high proportions of Myotis lucifugus or other species that seek humid microclimates tended to experience early mortality. Our results suggest that the timing of mortality from WNS is largely dependent on colony location, and large colonies tend to be first in an area to experience high mortality associated with WNS.
INTRODUCTION
White-nose syndrome (WNS), a disease of hibernating bats, was first observed in 2006 in Howes Cave, a commercial cave in upstate New York (figure 1). Shortly thereafter, WNS appeared in hibernacula across the northeastern United States (US) leading to unprecedented declines in hibernating bat populations [1] . Mortality rates in WNS-affected colonies frequently exceed 90 per cent, and regional extinction of a previously common species has been predicted [1] .
WNS is associated with a cold-adapted fungus, Geomyces destructans, that invades exposed skin of bats, and grows maximally at temperatures typical of bat hibernacula (5 -108C) [2] . WNS is characterized by cutaneous fungal infection, depleted fat reserves, damaged wing tissue and abnormal behaviour [2] . The fungus infects all six hibernating bat species in the northeastern US, probably with differential effects [3] . Geomyces destructans has also been identified from bat species throughout Europe with no evidence of mass mortality, and was probably present in Europe well before its discovery in the USA [4] .
Using data on the timing of WNS-related mortality (hereafter 'WNS') in hibernacula in the northeastern US (figure 1), we assessed ecologically plausible hazard models of WNS emergence patterns among mixed-species colonies of hibernating bats. Based on a survival distribution, in this case the time until WNS occurs in colonies, hazard models examine the influence of covariates on the instantaneous rate of arrival of WNS to colonies (i.e. the hazard rate). Covariate coefficients represent the multiplicative effect on the hazard rate of an increase in the covariate [5, 6] .
We predicted that if the spatial pattern of WNS is consistent with an expanding epizootic, hibernacula closest to the origin would initially have higher hazard rates than distant hibernacula, but over time the effect of distance on hazard rate would decrease. We also predicted that pathogen introduction, contact rates and thus hazard rates, increase with colony size. In the light of potential variation in susceptibility and hibernating behaviour among bat species [3, 7, 8] , we tested the influence of species diversity, often important in prevalence of infectious disease [9] and the influence of proportions of individual species. Higher proportions of species that hibernate in dense clusters [8] , or in relatively humid conditions ideal for fungal growth, may increase hazard rates [3] . We predicted that hazard rates may differ in caves and mines because of contrasting microclimatic regimes or potential differences in dispersal behaviours of bats in caves and mines [10] . We aimed to identify characteristics that affect colony-level risk of WNS, and determine the relative influence of these characteristics on the emergence of WNS in hibernacula across the northeastern US.
MATERIAL AND METHODS
We used data on colony size and species composition from the most recent complete winter census of hibernating bats prior to WNS from 73 hibernacula in NY, PA, CT, VT and MA, USA (figure 1). Census methods are described elsewhere [1] . WNS was identified by the presence of abnormal numbers of bat carcases or substantial population decline, combined with WNS symptoms (fungal growth and aberrant behaviour [2] ). WNS-affected sites were visited and confirmed unaffected prior to the year they experienced WNS-related mortality (see electronic supplementary material, S1 for further detail). Unaffected sites were considered to be unaffected in all previous years.
We used a Cox proportional hazards model to test the influence of the following covariates: geodesic distance to Howes Cave ('distance to origin'), whether hibernacula were natural ('cave'; n ¼ 25) or non-natural ('mine'; n ¼ 48), log 10 number of bats within hibernacula ('colony size'), per cent of individuals of the four most commonly present species within hibernacula (Myotis lucifugus, Myotis septentrionalis, Perimyotis subflavus, Eptesicus fuscus), total per cent of species that typically hibernate in humid microclimates (M. lucifugus þ M. septentrionalis þ P. subflavus; 'humid species' [7] ), total per cent of densely clustering species (M. lucifugus þ M. sodalis; 'clustering species' [8] ) and Simpson's reciprocal diversity index of bat species ('SRD' [11] ).
We used Akaike's information criterion (AIC C ) to rank models. Because species composition covariates were highly correlated (electronic supplementary material, S2), they were included separately in competing models. Candidate models included all combinations of the covariates distance to origin, colony size and type of hibernaculum, and all these combinations with one species composition covariate (electronic supplementary material, S3). We estimated model-averaged coefficients using Akaike weights to account for model selection uncertainty (electronic supplementary material, S1; [12] ). Influential data and nonlinearity were identified as described elsewhere [5] . Analyses were performed in R v. 2.11.0.
RESULTS
Forty-four hibernacula experienced WNS-related mortality and 29 were unaffected at last observation (figure 1). Two models were equally parsimonious (DAIC C , 2; table 1). Distance to origin, distance to origin Â year and colony size had strong support. Support was somewhat weaker for hibernaculum type, and was equivocal for per cent humid species and per cent M. lucifugus (table 2) .
Distance had the greatest effect on hazard rate over the range of observations (figure 2). Each additional kilometre from the origin decreased the hazard rate by about 3. White-nose syndrome risk factors A. P. Wilder et al. 951
DISCUSSION
The pattern of spread of WNS-related mortality among hibernacula is consistent with an expanding epizootic. In 2007, sites near the origin had substantially higher hazard rates than distant sites, but over time as the infection spread across the region, distance offered less protection from WNS (figure 2a). Spatial expansion of WNS has been observed using information on WNS presence, but to our knowledge has not yet been quantitatively analysed using presence and absence data. This pattern of spread in combination with the high mortality of North American bats to WNS, the widespread distribution of G. destructans and lack of mass mortality of bats in Europe [4] See table 2 for distance to origin confidence intervals. Bottom panels are kernel density plots of covariate distributions. Table 2 . Coefficient estimates (b), standard errors (s.e.), 95% confidence intervals (95% CI), exponent of coefficients (exp(b)), and relative weights (w þ ( j)) of covariates from hazard models of WNS among hibernating bat colonies in the northeastern US. Coefficients were adjusted for model selection uncertainty using all models containing the respective covariate. suggest that this fungus may have been introduced to North America. New geographical foci do not confirm an exotic pathogen [13] , however, and whether G. destructans was introduced from Europe or this epizootic results from an in situ pathogenic mutation remains an important unanswered question. WNS hazard rate roughly doubled with each 10-fold increase in hibernating bats in a colony, and large colonies experienced earlier mortality than small colonies. If more bats prefer sites with optimal conditions for fungal growth, the effect of colony size may be indirect. Alternatively, more bats occupying a hibernaculum may increase the probability of pathogen introduction, or may increase host density and contact rates, thereby increasing the force of infection and reducing the time to substantial mortality [14] . The same principle may be expected for species that hibernate in dense clusters, but this trend was not detectable in colony-level timing of WNS (table 2) . Variability in clustering behaviour among conspecifics, however, may limit species composition as an indicator of host density.
Our analysis suggests that colonies in caves had a higher hazard rate than those in mines. Mechanisms for this pattern are unclear, but two processes could contribute. First, there is some evidence that mines may be occupied by more localized bat populations than caves, possibly because mines are relatively new habitats [10] . More widely dispersing populations would be more likely to overlap with the distribution of a pathogen, thereby becoming exposed first; however, differential dispersal between bats in caves and mines has yet to be directly or systematically tested. Second, abiotic factors known to influence fungal growth such as relative humidity, roost substrate and ambient temperature may differ between caves and mines [15] . Future studies on dispersal distances and microclimatic regimes are needed to identify the causal mechanisms underlying these empirical observations.
We detected a weak positive association between WNS hazard rate and the proportion of bat species that seek humid microclimates, possibly because humid conditions are ideal for fungal growth. Alternatively, species that choose these conditions may be less able to cope with evaporative water loss from wing damage caused by infection [3] . Because humid species were dominated by M. lucifugus at our sites, and variability in species composition was low ( figure 2c,d ), we were unable to distinguish between models including one of these two covariates (table 1). Our results suggest that M. lucifugus may be particularly vulnerable to early mortality from WNS, possibly as a result of their preferred humid microclimate. Although species composition had relatively weak influence on the colony-level timing of WNS, it may markedly influence the severity of bat mortality within colonies. Future analyses comparing bat mortality rate across colonies and its relationship to species composition and other variables are critical for understanding disease dynamics and devising future conservation strategies.
Given that WNS-affected colonies of M. lucifugus experience mean first-year mortality of 85 per cent [1] , the strong dependence of WNS on colony location relative to other factors (figure 2) does not bode well for populations within and near the expanding epizootic, as the largest colonies in a region are first to decline. These findings highlight the urgency of the threat to temperate insectivorous bat populations and the need for increased research and resources for the control of WNS.
